Mechanical tension extending throughout the structural elements of the lung is a potential stimulus for cell proliferation and gene expression. Pulmonary fibroblasts located in the interstitial space of the capillary wall throughout the lung parenchyma and within the large vessels and airways are uniquely situated to sense changes in mechanical force. Therefore, we used the polymerase chain reaction-based method of differential display analysis to screen for altered gene expression in fetal human lung fibroblasts exposed to increased cyclic stretch. IMR-90 cells were seeded at 3 ϫ 10 4 cells/cm 2 on laminin-coated plates. Cells were subsequently exposed to mechanical strain on a Flexercell apparatus, resulting in a maximal elongation of 20% at a rate of 60 cycles/min over a period of 48 h. A complementary DNA corresponding to the cell cycle-regulated gene calcyclin was identified in mechanically strained fibroblasts. Increased calcyclin messenger RNA levels were confirmed by Northern blot analysis. Further, calcyclin gene expression was upregulated in isolated-perfused rat lungs exposed to increased mechanical strain by ventilation at high states of lung inflation for 4 h. These data suggest that calcyclin gene expression plays a role in the response of pulmonary fibroblasts to increased mechanical tension and may alter the regulation of the fibroblast cell cycle. Breen, E. C., Z. Fu, and H. Normand. 1999. Calcyclin gene expression is increased by mechanical strain in fibroblasts and lung. Am. J. Respir. Cell Mol. Biol. 21:746-752.
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The exchange of respiratory gases requires that the lungs repeatedly expand to take in a new breath and subsequently deflate. Integral to this process is the development of mechanical forces by the structural elements composing the extensive pulmonary vasculature and airways. Mechanical forces in the lung may take the form of longitudinal, circumferential, or surface tension associated with lung inflation or shear stress due to increased air or blood flow (1) . Signals stemming from these types of mechanical forces are thought to regulate cell proliferation and subsequent cellular composition of the lung. This is clearly evident in the developing fetus. Rapid fetal lung growth is inhibited by an absence of breathing movements or a size limitation of the thoracic cavity restricting lung expansion (2) . Mechanical forces have also been implicated in the regulation of cellular proliferation after resection of lung tissue (3) . The burst of DNA synthesis in response to compensatory growth is most likely influenced by overexpansion of the remaining lung tissue inflated by a normal tidal volume (4) . In a clinical setting, mechanical ventilation commonly used in the treatment of patients can also result in overinflation of lung regions. Zhang and colleagues (5) recently increased mechanical strain in unanesthetized ferret lungs by continuous positive airway pressure ventilation over an extended 2-wk period. Ventilation at modestly high lung volumes resulted in a 40% increase in total lung capacity associated with increased lung weight, total protein, and total cellular DNA content. These biochemical changes suggest that both cellular proliferation and tissue remodeling have occurred.
Dramatic imbalances in mechanical forces are also associated with many pathologic conditions of the lung. For instance, the large increases in vascular pressures observed in pulmonary hypertension are marked by a thickening of the large-and medium-sized vessels. This remodeling response results from a proliferation of smooth-muscle cells (SMCs) and fibroblasts, accompanied by increased collagen and elastin gene expression (6) . The increased wall tension associated with elevated pulmonary artery pressures has been re-created in vitro by subjecting pulmonary artery rings to increased tension over times ranging from several hours to days. Over a short-term period of 4 h DNA synthesis rate is unchanged (7) . In contrast, cell proliferation is increased in pulmonary artery segments subjected to in-creased tension for a much longer period of 4 to 5 d (8) . This proliferative response appears more evident in the adventitial fibroblasts population than in medial SMCs (8) . Interestingly, the gene expression of extracellular matrix components is already initiated as early as 4 h in both mechanically strained pulmonary artery rings and in lungs ventilated at high inflation volumes (9, 10) .
Several cell types isolated from the lung respond to the direct effect of increased cyclic mechanical strain. Pulmonary cells reported to increase their rate of DNA synthesis include epithelial cells (11) , airway SMCs (12), pulmonary artery SMCs (13) , a mixed population of fetal lung cells (14) , and fetal fibroblasts (15) . The precise mechanism by which cells sense changes in mechanical strain and transduce this signal is currently under investigation. Many cell types, including IMR-90 fibroblasts, display a mechanical strain-dependent change in cell shape. Cells become elongated in response to strain and align perpendicular to the direction of the force vector (15) . In fetal rat lung cells, early responses to mechanical strain involve a rapid influx of Ca 2 ϩ molecules through gadolinium-sensitive, stretchactivated ion channels (16) and translocation of the tyrosine protein kinase pp60 src to the cytoskeleton, where it is found in an active state (17) . pp60 src subsequently phosphorylates several intracellular proteins, including phospholipase C-␥ 1, leading to increased levels of 1,4,5 inositol triphosphate, diacylglycerol, and protein kinase C (PKC). Thus, through the PKC pathway, the downstream events of growth factor activation and DNA synthesis may be initiated (18) . This is true for both fibroblasts and mixed cell populations of fetal lung cells in which the mechanical strain-induced proliferative response is mediated by the autocrine action of platelet-derived growth factor (PDGF) (15, 19) . Further, it has been reported that mechanical strain itself is not sufficient to stimulate new cell division but potentiates the action of serum growth factors (20) .
The present study was undertaken to identify gene products selectively upregulated in mechanically strained pulmonary fibroblasts. We used a messenger RNA (mRNA) screening method based on polymerase chain reaction (PCR) technology to identify genes with different levels of expression in pulmonary fibroblasts exposed to cyclic mechanical strain compared with control cells. This approach has led to the isolation of a complementary DNA (cDNA) corresponding to the human calcyclin gene. Calcyclin transcripts are more abundant in IMR-90 and isolated rat fetal fibroblasts activated by mechanical strain in vitro than in control cells. Further, elevated calcyclin gene expression is observed in isolated-perfused lungs ventilated at high states of lung inflation by raising the positive end expiratory level to 13 cm H 2 O.
Materials and Methods

Cell Culture
The human fetal lung fibroblast cell line IMR-90 was purchased from American Type Tissue Culture (ATTC, Rockville, MD). Rat fetal lung fibroblasts were isolated from late-gestation pups (Days 19 to 22) according to the method of Caniggia and associates (21) . Cells were maintained in minimal essential medium (MEM) with 10% fetal calf serum (FCS) and penicillin-streptomycin (50 U/ ml) (GIBCO BRL, Grand Island, NY) in a humidified atmosphere of 5% CO 2 /95% air at 37 Њ C. During the application of mechanical strain the cells were supplemented with 10 Ϫ 5 M ascorbic acid. IMR-90 cells were used between passages 10 and 20. Rat fetal lung fibroblasts were passage 3.
In Vitro Application of Cyclic Mechanical Strain to Fibroblasts
The Flexercell strain apparatus was used to expose cell cultures to increased cyclic mechanical strain (Flexercell International Corp., McKeesport, PA). In this system, cells were grown on a flexible-bottom elastomer coated with laminin protein, Flex I culture plates. Fibroblasts were seeded at a density of 3 ϫ 10 4 cell/cm 2 and allowed to attach for 48 h. At the initiation of cyclic mechanical strain, fibroblasts were replenished with MEM/10% FCS supplemented with 10 Ϫ 5 M ascorbic acid. A maximal elongation of 20% was obtained by applying Ϫ 13 kPa of vacuum pressure and cells were cyclically strained at a rate of 60 cycles/ min over a period of 48 h unless otherwise indicated.
Isolated-Perfused Lung Preparation
The isolated rat lung preparation has been previously described (10) . Briefly, male Charles River Sprague-Dawley rats weighing between 219 and 321 g (268 Ϯ 36 g) were anesthetized with an intraperitoneal injection of pentobarbital (65 mg/kg). The trachea was cannulated and the rats were ventilated with 20% O 2 /5% CO 2 using a rodent ventilator (Model 683; Harvard, South Natick, MA) with a tidal volume of 2.5 ml and a positive end expiratory pressure (PEEP) of 3 cm H 2 O. The ventilation rate was 40 breaths/min. The chest was opened and 300 U of sodium heparin were injected into the right ventricle. The pulmonary artery and left atrium were then cannulated and the heart and lungs excised en bloc . The lungs were then suspended from a counterbalanced force transducer (Grass model FT-10) calibrated so a 1.0-cm deflection equaled a 1.0-g weight gain. Lungs were perfused with a 30-ml volume. The perfusate consisted of two parts Krebs's bicarbonate buffer containing 5% bovine albumin and one part homologous blood obtained from a donor rat. The perfusate was warmed to 37 Њ C before being pumped through the lungs at a flow rate of 6.5 or 15 ml/min using a Minipuls 3 roller pump (Gilson, Middleton, WI). Arterial, venous, and airway pressures in addition to lung weight were continuously recorded using Cobe pressure transducers (Cobe, Lakewood, CO) and a Gould model polygraph (Grass, Quincy, MA).
Application of Mechanical Stress to Isolated-Perfused Lung
Three experimental groups were established that represent increasing levels of mechanical stress. ( 1 ) Unperfused controls: lung samples were obtained from one group of anesthetized rats that were not ventilated ex vivo . ( 2 ) Lowpressure perfusion group: lungs of these rats were isolated and perfused for 4 h. Lungs were ventilated at baseline vascular and airway pressures. These parameters were set at a tidal volume of 2.5 ml, flow rate of 6.5 ml/min, PEEP of 3 cm H 2 O, and venous pressure (P v ) of 3 to 4 cm H 2 O. No significant increase in pulmonary artery pressure was observed after a ventilation period of 4 h. ( 3 ) High airway pressure group: In this group rat lungs were isolated and perfused in a similar preparation. After a baseline period of 10 to 20 min, the PEEP was increased to 13 cm H 2 O and blood flow to 15 ml/min, resulting in an average peak inspiratory pressure of 30.5 cm H 2 O Ϯ 2.35 standard deviation (SD). Pulmonary artery pressure increased from 18 Ϯ 2.55 SD to 32.6 Ϯ 9.10 cm H 2 O after a 4-h ventilation period. In the high-PEEP group, two animals were perfused at P v of 5 cm H 2 O and three animals at P v of 8 cm H 2 O. Total cellular RNA (cRNA) was isolated from the outer 1 to 2 mm of lung parenchyma and the remaining central region of the lung.
Differential Display Analysis
Total cRNA was isolated from control and strained IMR-90 fibroblasts according to the method of Chomczynski and Sacchi (22) . RNA was DNase I (GIBCO BRL)-treated, followed by phenol-chloroform/chloroform extraction and ethanol precipitation. A total of 200 ng of total cRNA was preheated at 65 Њ C for 5 min and reverse transcribed with SuperScript II RNAse H Ϫ Reverse Transcriptase (GIBCO BRL) at 37 Њ C for 60 min. The reaction mix contained 0.2 m anchored 3 Ј primer M13FT 12 GA (GENOMYX Corp., Foster City, CA), 1 ϫ SuperScript II RT Buffer, 20 m of each deoxynucleotide triphosphate (dNTP), 10 ng/ml total cRNA, and 0.25 U/ l SuperScript II RT enzyme. Samples were then heat-inactivated at 95 Њ C for 5 min. A total of 2 l of the reverse transcriptase product was used for differential display amplification using PCR. Reaction conditions included the following components: 1 ϫ PCR reaction buffer including 1. . PCR was performed using a Microcycler E (Eppendorf; Brinkmann Instruments, Inc., Westbury, NY) at the following settings: 95 Њ C 2 min, 92 Њ C 15 s, 50 Њ C 30 s, and 72 Њ C 2 min for four cycles; 95 Њ C 15 s, 60 Њ C 30 s, and 72 Њ C 2 min for 25 cycles; and 72 Њ C for 7 min. Samples were then placed on ice. The differentially displayed bands were resolved on a 6% denaturing gel using the LR-optimized HR-100 gel formulation from GENOMYX and a GENOMYX LR DNA Sequencer run at 2700 V, 100 W, at 50 Њ C for 3.5 h. The sequencing gel was then dried onto the glass plate and exposed to Biomax film (Eastman Kodak Co., New Haven, CT). Using the autoradiograph as a template, the band of interest was cut out from the gel and reamplified directly by PCR synthesis. The PCR reamplification reaction included 1 ϫ PCR buffer with 1. 
Subcloning and Nucleic Acid Sequencing
The reamplified product was electrophoresed on a 2% agarose gel and stained with ethidium bromide. The cDNA was purified from the gel using the QIAquick Gel Extraction Kit (Qiagen Corp., Chatsworth, CA) and subcloned into the TA cloning vector pCRII (Invitrogen, San Diego, CA).This plasmid was then used to sequence the cDNA on both strands with T7 and SP6 primers using an Applied Biosystems 373 Automated DNA Sequencer (ABI Division of Perkin-Elmer, Foster City, CA). Significant homology of the cDNA was determined by comparison to known sequences in the GenBank database through use of the basic alignment search tool (BLAST) algorithm.
Northern Blot Analysis
An aliquot of the reamplified PCR product was oligolabeled with [ ␣ -32 P]deoxycytidine triphosphate (dCTP) (Stratagene, San Diego, CA) and used as a probe in Northern blot analysis. Total cRNA isolated from 12 wells of IMR-90 or fetal rat lung fibroblasts or lung parenchymal tissue was quantitated by absorbance at 260 nm and intactness assessed by ethidium bromide staining after electrophoretic separation in a 6.6% formaldehyde/1% agarose gel. Fractionated RNA was transferred by Northern blot to Zeta probe membrane (Bio-Rad, Hercules, CA). RNA was crosslinked to the membrane by ultraviolet irradiation and stored at 4 Њ C. Prehybridization and hybridizations were performed at high-stringency conditions in 50% formamide, 5 ϫ saline sodium citrate (SSC) (20 ϫ SSC is 0.3 M sodium chloride and 0.3 M sodium citrate), 10 ϫ Denhardt's solution (100 ϫ Denhardt's solution is 2% Ficoll, 2% polyvinyl pyrrolidone, and 2% bovine serum albumin), 50 mM sodium phosphate (pH 6.5), and 1% sodium dodecyl sulfate (SDS), 200 g/ml salmon sperm DNA at 42 Њ C for both human and rat total cRNA. Blots were washed in 0.1 ϫ SSC/0.1% SDS at 65 Њ C. The signal was obtained by exposure to XAR-5 X-ray film (Eastman Kodak Co.) using a Cronex Lightning Plus screen at Ϫ 80 Њ C. Autoradiographs were quantitated by densitometry within the linear range of signals and normalized to ribosomal 18S or 28S RNA levels.
Western Blot Analysis
Lung protein was isolated from parenchymal tissue according to the procedure of Tokumitsu and coworkers (23) . Tissue was homogenized at 4 Њ C in extraction buffer (0.2 M NaCl, 40 mM Tris-HCl [pH 7.5], 2 mM ethyleneglycol-bis -( ␤ -aminoethyl ether)-N , N Ј -tetraacetic acid, 10 mg/ liter leupeptin, 50 mg/liter trypsin inhibitor, and 0.1 mM phenylmethylsulfonyl fluoride). Samples were then centrifuged at 100,000 ϫ g for 60 min at 4 ЊC. The supernatant was quantitated by Bio-Rad protein assay (Bio-Rad Laboratories, Richmond, CA) and confirmed by staining with amido black. A total of 40 g of protein was electrophoresed on a 15% polyacrylamide gel under reducing conditions as described elsewhere (24) . The resolved proteins were detected using a rabbit anticalcyclin antibody, S100A6 (SWANT Antibodies, Bellinzona, Switzerland), and an ECL Western blotting detection kit (Amersham International).
Results
Detection of a 400-Base Pair cDNA by Differential Display Analysis
The PCR-based method of differential display analysis (DD-PCR) was used to identify genes that display an altered expression pattern in lung fibroblasts subjected to increased cyclic mechanical strain. Exponentially growing, late-log fibroblasts were mechanically strained over a period of 48 h and total cRNA samples were prepared from both control and strained cells. These RNA samples were used to reverse transcribe a subset of corresponding cDNAs using a primer specific to the 3Ј poly A tail. First-strand cDNA products were then amplified using the PCR in the presence of a 33 P-labeled deoxyadenosine triphosphate with the same 3Ј primer and an arbitrary 5Ј primer. Radioactive cDNAs were visualized by separation on a denaturing sequencing gel. Several reproducible cDNA bands appeared to be differentially expressed in the mechanically strained samples compared with control samples. In particular, an intense signal was observed for a 400-base pair (bp) cDNA in the lanes representing mechanically strained fibroblast mRNAs. This cDNA band was excised from the DD-PCR gel for further analysis (Figure 1 ).
Northern Blot Analysis of mRNA Levels from Mechanically Strained Fibroblasts
To confirm that the band identified in the differential display denaturing gel was not a false-positive result, Northern blot analysis was performed (Figure 2 ). Total cRNA (10 g) originally used in the differential display reaction was electrophoresed on an agarose-formaldehyde gel and transferred to a membrane. The Northern blot was hybridized with the same cDNA that was excised from the gel and reamplified by PCR. A strong mRNA signal was observed in fibroblasts corresponding to a transcript size of approximately 0.75 kb. Although there was a high basal level of this transcript in control fibroblasts, there was a further 2-fold increase in mRNA level in mechanically strained fibroblasts. This mRNA transcript is within the size range of the originally reported 2A9/calcyclin transcript, approximately 0.6 kb (25), and later-reported transcript size of 0.75 kb (26) . In addition, mRNA levels were measured in isolated rat fetal pulmonary fibroblasts (Figure 3 ) subjected to increased strain. Levels of mRNA were elevated above control values 24 (86%), 48 (30%), 72 (76%), and 96 h (152%) after the application of cyclic mechanical strain. Differences in mRNA levels in unstrained cultures reflect the proliferative level of the cell population.
DNA Sequence Analysis
After Northern blot analysis, the cDNA identified on the DD-PCR gel was sequenced on both strands using an automated ABI 373A sequencer. This sequence was then compared with known sequences in the GenBank using the BLAST algorithm (27) . The match with the highest degree of homology was the human growth factor-inducible Figure 1 . Detection of a 400-bp cDNA by differential display analysis in fibroblasts exposed to increased cyclic mechanical strain. Total cRNA was isolated from both control (C) and mechanically strained fibroblasts (S) and analyzed by DD-PCR. Each sample was run in duplicate. The autoradiogram represents several differentially expressed mRNAs observed in mechanically strained fibroblasts compared with control cells. The arrowhead indicates the partial calcyclin cDNA that was removed from the gel and reamplified by PCR synthesis for further analysis. Figure 2 . Measurement of mRNA levels in pulmonary fibroblasts exposed to cyclic mechanical strain. Northern blot analysis was performed using total cellular RNA isolated from control (C) and mechanically strained (S) fibroblasts. RNA was hybridized with an oligolabeled [␣- Figure 3 . Time course of calcyclin mRNA levels in isolated fetal rat lung fibroblasts exposed to mechanical strain. Northern blot analysis was performed using cRNA isolated from control (C) and isolated rat fetal lung fibroblasts exposed to mechanical strain (S) from 24 to 96 h.
2A9 gene (25) . 2A9 is a relatively short, 434-bp cDNA sequence and the cDNA isolated by DD-PCR is almost completely identical to 2A9. There is 97% ( P ϭ 1.4 ϫ 10 Ϫ149 ) identity between 2A9 and the DD-PCR-isolated cDNA over a 387-bp length of sequence. The 2A9 gene was initially identified by subtractive hybridization in quiescent fibroblasts stimulated to proliferate by the addition of serum (25) . The human calcyclin gene consists of three exons. The first exon is relatively short and untranslated (28) . The cDNA isolated in the DD-PCR gel extends from the poly A tail through all of exon 3 and most of exon 2. These results indicate with a high degree of certainty that the cDNA isolated by differential display analysis is indeed the human calcyclin gene.
Upregulation of Calcyclin Gene Expression in a Lung Model of Increased Mechanical Strain
The level of calcyclin mRNA and protein was also measured in a rat lung model of increased mechanical strain. Lungs from adult Sprague-Dawley rats were isolated and perfused ex vivo. Lungs were subsequently ventilated at physiologically control (LoPress) or high states (HiPaw) of lung inflation and compared with an unperfused lung group (UnPer). Ventilation at high lung volumes resulted in a 2-fold increase in pulmonary artery pressure (18 Ϯ 2.55 SD to 32.6 Ϯ 9.10 cm H 2 O) after a 4-h ventilation period compared with initial LoPress conditions. At the end of the ventilation period, tissue was separately dissected from the outer 1 to 2 mM peripheral or the remaining central regions of the lung. Total cRNA was isolated from the parenchymal tissue of each group for Northern blot analysis (Figure 4) . Hybridization with the 32 P-oligo labeled cDNA isolated from the DD-PCR gel (Figure 1 ) revealed the same size calcyclin transcript as observed in cultured human fibroblasts. In both unperfused control (UnPer) and LoPress lungs the calcyclin mRNA levels were undetectable. However, in the HiPaw group the calcyclin transcript was observed in each lung sample. The level of calcylcin transcript was identical in the outer peripheral and central regions of the HiPaw lung. Further, there was no increase in calcylcin mRNA levels in lungs ventilated at a P v of 8 cm H 2 O compared with those ventilated with a P v of 5 cm H 2 O. Western blot analysis was also performed using lung samples from HiPaw and LoPress lungs ( Figure 5 ). An increase in signal intensity of a 10-kD band detected with an anticalcyclin antibody was observed in HiPaw lung protein compared with the LoPress lung group.
Discussion
Calcyclin Is a Member of the S100 Family of Ca 2ϩ -Binding Proteins
Although the precise cellular function of calcyclin is presently unknown, calcyclin is a member of the S100 family of Ca 2ϩ -binding proteins and is associated with cell proliferation. The calcyclin gene is overexpressed in many types of cancer cells (28) and is abundant in both the kidney and lungs (29) . In the lung it is thought to interact with another Ca 2ϩ -binding protein, CAP-50 (50 kD, calcyclin-associated protein). CAP-50 is a recently identified member of the annexin family of proteins, annexin XI (30) .
Potential Role of Calcyclin/CAP-50 in Mechanical Signaling Pathways
There are several indirect pieces of evidence that may suggest an involvement of calcyclin and/or its target protein CAP-50 with specific mechanically mediated events in the lung fibroblast. First, the transcriptional promoter of calcyclin contains a PDGF-responsive element and a consensus sequence identical to the shear stress-responsive element (GGCTCT) (31) . The latter cis-acting promoter element is functionally active in several genes induced by shear stress, including PDGF-B (32). Both fetal fibroblasts 1-3) and HiPaw (lanes 4-6) lungs. Triton-X-soluble lung extracts (40 g of protein) were electrophoresed on a 15% polyacrylamide gel and transferred to membrane. The calcyclin protein was detected with a rabbit anticalcyclin (S100A6) antibody. Molecular weight standards are indicated (right).
and a mixed lung population of fetal rat cells (abundant in fibroblasts and epithelial cells) are mechanically stimulated to proliferate through the autocrine action of PDGF (15, 19) . Second, the roles of calcyclin and CAP-50 are dependent on calcium. Mechanical strain results in a rapid influx of Ca 2ϩ ions through gadolinium-sensitive, stretchactivated ion channels, and this event is necessary for DNA synthesis to occur (16) . Further, activation of the protein tyrosine kinase pp60 src is proposed to be a common upstream regulatory event in mechanical stretch pathways (33) , and the overexpression of v-src in embryonic fibroblasts is linked to the phosphorylation and translocation of CAP-50 from the nucleus to the cytoplasm as well as its dissociation from phospholipid membranes (30) . In mechanically strained fibroblasts there is a dramatic change in cell shape. Cells align perpendicular to the force vector, and this is accompanied by a reorganization of the cytoskeleton filament network. Interestingly, calcyclin specifically binds to the actin-binding protein tropomyosin in vitro (34) . Similar Ca 2ϩ -dependent cytoskeletal proteins are also activated in response to mechanical strain. For example, calmodulin expression is increased in mechanically strained osteoblasts, leading to subsequent cell proliferation (35) . Further, in nonmuscle cells it has recently been reported that pEL98 (an S100 protein with two endonexin fold (EF) domains very similar to calcyclin) binds to the nonmuscle tropomyosin isoform 2 and regulates tropomyosin-actin interactions (36) . Decreased tropomyosin expression has been correlated with a reorganization of the cytoskeleton, altered cell shape, and loss of anchorage-dependent regulation over cell growth in many transformed cancer cells (37) .
Implication of Increased Calcyclin in Mechanically Strained Lung
From our in vitro studies of mechanically strained fibroblasts, it is clear that fibroblasts increase their calcyclin level. In our laboratory these same cells grown on a laminin or elastin matrix, but not fibronectin, demonstrated an increased expression of type I collagen response to increased cyclic mechanical strain (38) . Several reports have also demonstrated in vitro an increase in cell proliferation 1 to 5 d after the application of strain (14, 15) , which parallels our observed increase in calcyclin mRNA in fibroblasts. Application of increased mechanical strain to the lung also resulted in a dramatic increase in calcyclin mRNA and protein levels in the HiPaw group. However, in the lung a potential signal for cells to proliferate may occur as early as 4 h after the elevation of mechanical tension. Finally, varying the P v levels from 5 to 8 cm H 2 O did not result in a further increase in calcyclin mRNA levels. This observation suggests that circumferential, longitudinal, or surface tension associated with lung inflation was the main mechanical stimulus triggering calcyclin transcription.
Similar Functions of Calcyclin in the Kidneys and Lungs
In a physiologic setting, calcyclin has been reported to play a role in the injury response of the kidney. Calcyclin was found among several cell cycle genes induced in folic acidinduced nephrotic injury that results in denudation of tubular basement membrane. This study distinguished the role of cell cycle genes in regenerative hyperplasia versus hypertrophy resulting from resection of renal mass (26) . More recently, calcyclin was found upregulated in ischemic injury to rat kidney (39) . In this situation again, it was hypothesized that the epithelial cell in contact with the basement membrane is the main cell to respond to injury by increasing the level of cellular proliferation; although it has not been distinguished in this whole-lung preparation which cell types are expressing calcyclin mRNAs. A survey of several tissue types indicated that calcyclin protein is found exclusively in epithelial cell and fibroblasts (40) . In the lung, several developmental and pathologic conditions are influenced by mechanical strain. Mechanical strain in the lung may lead to increased cell growth accompanied by normal remodeling, as in the case of fetal development or pneumonectomy (41) . However, persistent abnormal application of mechanical strain may be involved in uncontrolled fibroblast and SMC proliferation and overexpression of extracellular matrix proteins as observed in pulmonary hypertension (6) . Whether the calcyclin gene is merely a step in the progression of the cell cycle or is part of the mechanotransduction signaling pathway involved in Ca 2ϩ -dependent cytoskeleton reorganization remains to be determined.
